In mammals, puberty onset typically occurs earlier in females than in males, but the explanation for sexual differentiation in the tempo of pubertal development is unknown. Puberty in both sexes is a brain-dependent phenomenon and involves alterations in the sensitivity of neuronal circuits to gonadal steroid feedback as well as gonadal hormone-independent changes in neuronal circuitry. Kisspeptin, encoded by the Kiss1 gene, plays an essential but ill-defined role in pubertal maturation. Neurokinin B (NKB) is coexpressed with Kiss1 in the arcuate nucleus (ARC) and is also important for puberty. We tested whether sex differences in the timing of pubertal development are attributable to sexual differentiation of gonadal hormone-independent mechanisms regulating hypothalamic Kiss1/NKB gene expression. We found that, in juvenile females, gonadotropin secretion and expression of Kiss1 and NKB in the ARC increased immediately following ovariectomy, suggesting that prepubertal females have negligible gonadal hormone-independent restraint on their reproductive axis. In contrast, in similarly aged juvenile males, no changes occurred in LH levels or Kiss1 or NKB expression following castration, suggesting that gonadal hormoneindependent mechanisms restrain kisspeptin/NKB-dependent activation of the male reproductive axis before puberty. Notably, adult mice of both sexes showed comparable rapid increases in Kiss1/NKB expression and LH secretion following gonadectomy, signifying that sex differences in the regulation of ARC Kiss1/NKB neurons are manifest only during peripubertal development. Our findings demonstrate that the mechanisms controlling pubertal activation of reproduction in mice are different between the sexes and suggest that gonadal hormone-independent central restraint on pubertal timing involves Kiss1/NKB neurons in the ARC. kisspeptin; Kiss1r; G protein-coupled receptor 54; neurokinin B; gonadotropin-releasing hormone; development; reproduction PUBERTY COMPRISES THE PHYSIOLOGICAL AND BEHAVIORAL changes that occur during the transition from juvenile life into sexual maturity and reproductive competence. Puberty onset is usually defined as the activation (or in some species, reactivation) of the neuroendocrine reproductive axis (11, 35, 37) , which typically occurs earlier in females than in males (12, 13, 19) . Although the molecular mechanisms underlying the onset of puberty remain unknown, the guiding mechanisms include an apparent reduction in the sensitivity of hypothalamic circuits to the feedback actions of gonadal steroids (estradiol or testosterone) along with gonadal hormone-independent changes in the activity of inhibitory or stimulatory neural networks within the brain (11, 22, 35, 37) .
PUBERTY COMPRISES THE PHYSIOLOGICAL AND BEHAVIORAL changes that occur during the transition from juvenile life into sexual maturity and reproductive competence. Puberty onset is usually defined as the activation (or in some species, reactivation) of the neuroendocrine reproductive axis (11, 35, 37) , which typically occurs earlier in females than in males (12, 13, 19) . Although the molecular mechanisms underlying the onset of puberty remain unknown, the guiding mechanisms include an apparent reduction in the sensitivity of hypothalamic circuits to the feedback actions of gonadal steroids (estradiol or testosterone) along with gonadal hormone-independent changes in the activity of inhibitory or stimulatory neural networks within the brain (11, 22, 35, 37) .
Despite the knowledge that both the gonadal hormonedependent and -independent processes underlying puberty contain neural components, the identity of the neuronal factors and substrates involved in these mechanisms is unknown. Kisspeptin, a neuropeptide encoded by the Kiss1 gene, is a potent secretagogue for gonadotropin-releasing hormone (GnRH) in mammals (reviewed in Refs. 25 and 38) and may be a critical component of pubertal maturation based on several observations. First, humans and mice with disabling mutations or transgenic disruptions of the kisspeptin receptor gene fail to progress through puberty and remain infertile as adults (9, 14, 27, 46, 47) . Second, kisspeptin administration to prepubertal rats and monkeys induces precocious gonadotropin secretion (30, 48) . Finally, in rodents and primates, the hypothalamic expression of both Kiss1 and its receptor increase in association with pubertal maturation (6, 21, 29, 48) . Collectively, these observations suggest that kisspeptin-induced activation of GnRH neurons serves as a gating mechanism for puberty; however, the identity of the hormonal or molecular trigger that activates Kiss1 neurons at puberty remains unknown.
In rodents, Kiss1 is expressed in the hypothalamic arcuate nucleus (ARC) and the anteroventral periventricular nucleus/ periventicular nucleus continuum (AVPV/PeN) (18, 26, 42, 48, 49) ; in adulthood, the Kiss1 population in the AVPV/PeN, but not the ARC, is sexually dimorphic, with females having greater numbers of Kiss1 neurons in the AVPV/PeN than males (23, 26) . Moreover, Kiss1 expression in the AVPV/PeN is stimulated by gonadal steroids, whereas Kiss1 neurons in the ARC are inhibited by gonadal steroids (and, conversely, stimulated by gonadectomy) (26, 50, 51) . This differential steroidal regulation of Kiss1 in the AVPV/PeN and ARC may underlie the cellular mechanisms of steroid-mediated positive and negative feedback control of GnRH secretion, respectively (25, 38, 49) . However, the physiological role of these two phenotypically unique populations of Kiss1 neurons in pubertal maturation is unclear.
In addition to kisspeptin, neurokinin B (NKB), a tachykinin encoded by the Tac2 gene, has recently been implicated in the control of puberty and reproduction. In rodents, sheep, and primates, NKB is expressed in the ARC, where it colocalizes with kisspeptin neurons (2, 17, 31, 40) . In addition, the NKB receptor NK3 is expressed on GnRH neurons (28, 54) . Moreover, like Kiss1, NKB mRNA in the ARC increases following gonadectomy (8, 10, 40, 43, 45) in conjunction with a rise in luteinizing hormone (LH) secretion, suggesting that NKB signaling is stimulatory to the reproductive axis. Indeed, humans lacking NKB/NK3 signaling have delayed puberty onset and impaired fertility (55) . Despite the implication that NKB plays a role in regulating puberty and reproduction, there is little insight concerning its mechanism of action in the brain.
In the present study, we investigated the role of gonadal hormones in the regulation of Kiss1 and NKB in the ARC during the peripubertal period and examined whether sex differences in the activation of Kiss1/NKB neurons might explain sex differences in the tempo of pubertal maturation. First, we argued that if activation of Kiss1/NKB neurons in the ARC is an essential component of the pubertal process, then these neurons should be regulated by the same gonadal hormone-dependent and/or -independent factors that govern puberty onset. We postulated that if pubertal activation of reproductive circuits, including Kiss1/NKB neurons, is regulated entirely by changes in sensitivity to gonadal hormone feedback, then removal of gonadal steroids before puberty should induce a precocious activation of both Kiss1/NKB neurons and gonadotropin secretion. However, if the peripubertal reproductive axis is also regulated by gonadal hormone-independent restraint mechanisms, then removal of gonadal hormone feedback before puberty may not induce early activation of either Kiss1/NKB circuits or LH secretion (because central restraining processes are still present). Second, we hypothesized that earlier puberty onset in females compared with males reflects sex differences in the gating of Kiss1/NKB reproductive circuits. Specifically, we hypothesized that there is greater or longer-lasting inhibition (or lack of activation) of Kiss1/NKB circuitry in juvenile males compared with juvenile females. We present evidence demonstrating that 1) the mechanisms controlling pubertal activation of reproduction in mice are different between the sexes such that gonadal hormone-independent restraint on pubertal timing is more prevalent (or longer lasting) in juvenile males than in females and 2) this gonadal hormone-independent restraint mechanism acts on Kiss1/NKB neurons in the ARC, thereby delaying activation of sexual maturation in developing males compared with females.
MATERIALS AND METHODS
Animals. Adult C57Bl6 male and female mice were purchased from Jackson Laboratories and allocated into breeding pairs. Beginning 19 days after pairing, litters were assessed daily, and day of birth was considered postnatal day (PND) 1. In experiments in which prepubertal mice were studied, animals between the ages of PND 14 and PND 16 were used to ensure that they were not already undergoing the pubertal transition (which is evidenced in females by vaginal opening on PND 24 -28 but may actually initiate several days beforehand). All animals were housed on a 12:12-h light-dark cycle (lights off at 1800) with food and water available ad libitum. All experiments were conducted in accordance with the National Institutes of Health (NIH) Animal Care and Use Guidelines and with approval of the Animal Care and Use Committee of the University of Washington.
Gonadectomies and blood and tissue collection. Mice were anesthetized with isoflurane and bilaterally gonadectomized (GDX) or left intact. Briefly, the animal's ventral skin was shaved and cleaned, and small incisions were made in the skin and abdominal musculature. The gonads were identified and excised, the abdominal muscle was sutured, and the skin incision was closed with surgical clips (adults) or surgical thread (juveniles). Animals that were left intact received both ventral incisions, but no tissue was removed.
Blood collections were obtained via retroorbital bleeding (ϳ100 l) of animals given isoflurane anesthesia. Blood was centrifuged and the serum stored at Ϫ20°C until it was assayed for LH or testosterone (T) via radioimmunoassay. All hormone assays were performed by the University of Virginia Ligand Assay Laboratory (Charlottesville, VA), as described previously (24, 27) . Brains of euthanized animals were collected and immediately frozen on dry ice and stored at Ϫ80°C. Frozen brains were sectioned on a cryostat into 5 sets, 20 microns/section, and the sections were thaw-mounted onto slides. Slides were stored at Ϫ80°C until processing via in situ hybridization. Because Kiss1 expression and hormone levels are influenced by circadian signaling (41) , all blood and tissue collections were obtained within a 3-h time window between 1000 and 1300.
In situ hybridization. In situ hybridization for Kiss1 or NKB mRNA was performed as described previously (18, 31, 50) . Briefly, slidemounted brain sections were fixed in 4% paraformaldehyde, pretreated with acetic anhydride, rinsed in 2ϫ standard saline citrate (SSC; sodium citrate, sodium chloride), delipidated in chloroform, dehydrated in graded ethanols, and air-dried. Radiolabeled riboprobe (0.03-0.05 pmol/ml, depending on the probe) was combined with 1/20 volume yeast tRNA (Roche Biochemicals, Indianapolis, IN) in Tris-EDTA (0.1 M Tris-0.01 M EDTA, pH 8.0), and this mixture was heat denatured in boiling water for 3 min, iced for 5 min, added to hybridization buffer, and applied to each slide (100 l/slide). Slides were coverslipped and placed in humidity chambers at 55°C for 16 h. Following hybridization, the slides were washed in 4ϫ SSC and then placed into RNAse [37 mg/ml RNase A (Roche Biochemicals) in 0.15 M sodium chloride, 10 mM Tris, and 1 mM EDTA, pH 8.0] for 30 min at 37°C and then in RNase buffer without RNase at 37°C for 30 min. After a wash in 2ϫ SSC at room temperature, slides were washed twice in 0.1ϫ SSC at 62°C and then dehydrated in graded ethanols and air-dried. Slides were then dipped in Kodak NTB emulsion, air-dried, and stored at 4°C for 7-10 days (depending on the assay). Slides were then developed, dehydrated in ethanols, cleared in Citrasolv (Fisher Scientific), and coverslipped with Permaslip (Sigma).
Experiment 1: effects of gonadectomy on LH and Kiss1 expression in prepubertal males and females. Experiment 1A assessed whether removal of gonadal hormones before the normal onset of puberty (which is typically ϳPND 24 -28 and PND 32-36 for female and male mice, respectively) results in an early activation of gonadotropin secretion and a corresponding stimulation of Kiss1 neurons in the ARC. We reasoned that if pubertal activation of reproductive circuits is regulated predominantly by changes in sensitivity to gonadal hormone-dependent feedback, then early removal of hormone feedback should result in precocious stimulation of LH secretion and perhaps ARC Kiss1 expression. If, however, the peripubertal reproductive axis is regulated in part (or entirely) by gonadal hormoneindependent central circuits, then early removal of gonadal hormones may not induce early activation. Juvenile (PND 14) male and female mice were GDX or left intact and then euthanized 2 or 4 days later (PND 16 and 18, respectively). Blood and brains were collected at the time of euthanization. Blood serum was assayed for LH levels as an indicator of activation (or not) of the neuroendocrine reproductive axis. Brains were processed with in situ hybridization for Kiss1 mRNA levels in the ARC; the number of Kiss1-expressing cells, as well as the relative amount of Kiss1 mRNA per cell (determined by number of silver grains), was determined for each animal. Kiss1 expression in males and females was assayed separately on the basis of experimental limitations on the maximum number of slides per assay.
Results from experiment 1A suggested a possible sex difference in the regulation of gonadotropin secretion and ARC Kiss1 neurons after prepubertal gonadectomy. In experiment 1B, an alternate set of brain sections for PND 18 males and females (GDX and intact for each sex) was analyzed together in the same in situ hybridization assay to allow for direct intersex comparisons of ARC Kiss1 expression in juvenile animals. Moreover, we have shown previously that Kiss1 gene expression in the rat AVPV/PeN is sexually dimorphic in adulthood, but this has not been examined before puberty (or in mice). Thus, for comparison of possible prepubertal sex differences in Kiss1 neurons between hypothalamic regions, experiment 1B also evaluated Kiss1 mRNA levels in the AVPV/PeN of PND 18 males and females (GDX and intact); n ϭ 10 -16 animals/group for both experiment 1A and 1B.
Experiment 2: effects of castration on serum T levels in juvenile males. In experiment 1, we found that GDX juvenile male mice do not display increased LH or Kiss1 levels 2 or 4 days later. These findings raised the possibility that gonadectomy did not effectively reduce T levels. Therefore, we next determined whether 4 days postcastration is long enough to fully remove circulating T from the juvenile system. Juvenile PND 14 male mice (n ϭ 7-9/group) were GDX or left intact and euthanized 4 days later on PND 18. Blood serum from these males was assayed for T levels via RIA to determine whether prepubertal gonadectomy actually removes all endogenous circulating T.
Experiment 3: effects of gonadectomy on LH and Kiss1 mRNA levels in adult males and females. Another possible reason that males in experiment 1 did not show an effect of castration is that a 4-day duration following gonadectomy is not sufficient for the male system to display changes in LH or Kiss1 expression independent of the animal's age. In this experiment, GDX adults of both sexes were studied to determine whether the sex difference in the regulation of Kiss1 neurons observed after 4 days in GDX juvenile animals is also present (or not) in adulthood. Adult (8 wk) male and female mice were GDX or left intact and then euthanized 4 days later. To control for stage of cycle, all intact females were euthanized on the morning of diestrus (as determined with daily vaginal smears). Blood and brains were collected at the time of euthanization and assayed for LH levels and Kiss1 mRNA in the ARC, respectively; n ϭ 6 -7 animals/group. Experiment 4: assessment of Kiss1 expression in adult males that were GDX as juveniles. In the previous experiments, we observed a sex difference in the regulation of ARC Kiss1 neurons and gonadotropin secretion in juvenile, but not adult, mice such that GDX prepubertal males display no changes in either LH secretion or ARC Kiss1 expression 2 and 4 days later. This experiment determined whether GDX juvenile males eventually show increased LH and Kiss1 expression if allowed to age beyond the normal period of pubertal onset into adulthood or whether prepubertal GDX chronically impairs the proper development of neuroendocrine reproductive circuits (including ARC Kiss1 neurons). PND 14 male mice were GDX or left intact and then euthanized 3.5 wk later in adulthood at PND 45 (after the time of normal puberty, which is normally ϳPND 35 in males). Blood and brains were collected at the time of euthanization and assayed for LH levels and Kiss1 expression in the ARC, respectively; n ϭ 6 -8 animals/group. Experiment 5: effects of gonadectomy on NKB expression in the ARC of juvenile males and females. The previous experiments identified a unique developmental sex difference in the regulation of Kiss1 gene expression in the ARC of juvenile, but not adult, mice. This experiment determined whether this juvenile sex difference extends to NKB, another reproduction-related gene also expressed in the ARC. PND 14 male and female mice were GDX or left intact and then euthanized 4 days later (PND 18). Brains were collected and assayed for NKB expression in the ARC using in situ hybridization assay. For comparison with the juvenile situation, NKB expression in the ARC was also assessed in adult male and female mice that were GDX or left intact (in adulthood) and then euthanized 4 days later as well as in males that were GDX prepubertally on PND 14 and then euthanized in adulthood on PND 45 (alternate sets of tissue from experiments 3 and 4); n ϭ 8 -12 animals/group.
Data analysis and statistics. In situ hybridization slides were analyzed with an automated image-processing system by a person blind to the treatment group of each slide. Custom grain-counting software was used to unilaterally count the number of cell clusters and the number of silver grains over each cell (a semiquantitative index of mRNA content per cell), as described previously (18, 26, 50) . Cells were considered Kiss1 (or NKB)-positive when the number of silver grains in a cluster exceeded that of background by threefold. In each experiment, differences in group means of LH or mRNA levels were assessed via ANOVA, with post hoc analysis determined by Fisher's least significant difference test. Due to nonhomogeneity in the variance of AVPV Kiss1 cell numbers between groups, these data were log transformed prior to statistical analysis. For all comparisons, statistical significance was set at P Ͻ 0.05.
RESULTS

Experiment 1: effects of gonadectomy on LH and Kiss1 expression in prepubertal males and females.
In experiment 1A, we evaluated whether the removal of gonadal hormones on PND 14, prior to normal puberty onset, triggers early increases in gonadotropin secretion and/or Kiss1 gene expression in the ARC. In juvenile GDX females, serum LH levels were significantly elevated at 2 and 4 days postgonadectomy (PND 16 and 18, respectively) relative to LH levels of intact females (P Ͻ 0.05 for each age; Fig. 1A ). In contrast, plasma LH levels were unchanged in GDX juvenile males at 2 and 4 days postgonadectomy (P Ͼ 0.05 for each age relative to intact males; Fig.  1B ). Kiss1 gene expression in the ARC followed a similar sex-specific pattern. Specifically, juvenile GDX females had significantly higher numbers of Kiss1 neurons in the ARC than intact females at both postgonadectomy ages (P Ͻ 0.05 for each time; Figs. 2 and 3), whereas GDX juvenile males did not have more detectable ARC Kiss1 neurons than intact males at either postgonadectomy age (Figs. 2 and 3) . Silver grains per cell, a semiquantitative measurement of Kiss1 mRNA per cell, followed a pattern similar to the number of Kiss1 cells for each sex (Fig. 3) . In experiment 1B, brain sections of PND 18 males and females were assayed together. In the ARC, the number of Kiss1 neurons was not significantly different between intact PND 18 males and females (Fig. 4A) . However, in PND 18 GDX males and females (4 days after gonadectomy) there was a robust sex difference, with GDX juvenile females having significantly more Kiss1 neurons in the ARC than GDX juvenile males (P Ͻ 0.05; Fig. 4A ). The number of ARC Kiss1 (grains/cell) (grains/cell) Fig. 3 . Mean (ϩ SE) number of Kiss1 cells or Kiss1 mRNA per cell in the ARC of prepubertal females (A) and males (B) that were GDX or left intact on PND 14 and then euthanized 2 or 4 days later (i.e., on PND 16 or PND 18, respectively). Kiss1 gene expression in the ARC was significantly higher in GDX than in intact females on PND 16. In contrast, there was no significant difference in ARC Kiss1 expression between intact and GDX juvenile males. *Significantly different from intact animal of same age (P Ͻ 0.05).
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SEX DIFFERENCES IN PREPUBERTAL Kiss1/NKB NEURONS neurons in GDX PND 18 males was not significantly different from intact males and females (Fig. 4A) . These findings indicate a sex difference in prepubertal ARC Kiss1 neurons that is observed only after removal of gonadal hormones. In the AVPV/PeN, a region with previously documented sex differences in Kiss1 expression in adult rodents (females Ͼ males), we found a significant sex difference in the number of Kiss1 neurons in PND 18 mice in both intact and GDX scenarios.
PND 18 females had significantly more Kiss1 neurons (and Kiss1 mRNA/cell; data not shown) than PND 18 males, regardless of gonadal status (P Ͻ 0.05; Fig. 4B ), indicating that the AVPV/PeN Kiss1 system is sexually differentiated as early as PND 18, and this sex difference is independent of the circulating hormonal milieu. Intact PND 18 males had low numbers of Kiss1 neurons in the AVPV/PeN but still significantly more than GDX PND 18 males (P Ͻ 0.05; Fig. 4B ), indicating that the AVPV/PeN Kiss1 system in juvenile males responds to gonadectomy, unlike ARC Kiss1 neurons.
Experiment 2: effect of castration on serum T levels in juvenile males. In experiment 1, we determined that both gonadotropin secretion and ARC Kiss1 gene expression are elevated 4 days after gonadectomy in juvenile females but not males. Here, we assessed whether plasma T levels were significantly different between intact and GDX juvenile mice 4 days postcastration (on PND 18). In general, serum T levels were low in intact PND 18 males given their young age. Even so, GDX PND 18 males had significantly lower, in most cases undetectable, T levels compared with intact PND 18 males (0.10 Ϯ 0.05 vs. 0.27 Ϯ 0.05 ng/ml, P Ͻ 0.05), confirming reduced levels of T at 4 days postcastration. Thus, the absence of elevated LH and Kiss1 expression in PND 18 GDX males is not due to the presence of residual circulating T.
Experiment 3: effects of gonadectomy on levels of LH and Kiss1 mRNA in adult males and females.
In experiment 1, both gonadotropin secretion and ARC Kiss1 gene expression were elevated in juvenile females but not juvenile males 4 days after gonadectomy. Experiment 3 determined whether 4 days postcastration is long enough to evoke changes in LH secretion or Kiss1 expression in adult males and whether the sex difference in the regulation of ARC Kiss1 neurons that was observed prepubertally is also present in adulthood. We found that, unlike the pattern observed in juvenile animals, serum LH levels were significantly elevated in adults of both sexes 4 days after gonadectomy (P Ͻ 0.05 vs. intact adults; Fig. 5A ). Similarly, unlike the juvenile situation, Kiss1 expression in the ARC was significantly increased to the same degree in both adult males and females 4 days after gonadectomy (P Ͻ 0.05 relative to intact adults; Fig. 5B ), indicating that the sex difference in Kiss1 regulation in the ARC is present before puberty but not in adulthood.
Experiment 4: Kiss1 expression and LH secretion in adult males that were GDX as juveniles. The previous experiments determined that male mice do not display activation of either LH secretion or ARC Kiss1 gene expression 4 days after gonadectomy as juveniles but do so after gonadectomy as adults. Here, we tested whether the reproductive axis (including Kiss1 neurons in the ARC) of juvenile GDX males eventually becomes activated as they age into adulthood in the absence of developmental changes in gonadal hormones. If so, it would indicate that the gonadal hormone-independent restraint on male reproductive circuits is eventually overcome as males reach adulthood and that the juvenile ARC Kiss1 system can develop the adult phenotype in the absence of gonadal hormones. We found that males that were GDX as juveniles on PND 14 and euthanized 31 days later in adulthood (on PND 45) had serum LH levels that were significantly elevated above that of intact adult males (P Ͻ 0.05; Fig. 5C ). Similarly, the number of Kiss1 neurons in the ARC was significantly higher in adult males that had been GDX as juveniles compared with adult males that were left intact as juveniles (P Ͻ 0.05; Fig.  5D ). Likewise, Kiss1 mRNA per cell was significantly greater in adult males GDX as juveniles (P Ͻ 0.05 vs. intact adult males; data not shown).
Experiment 5: effects of gonadectomy on NKB expression in juvenile males and females. Here, we tested whether NKB, which is coexpressed in ARC Kiss1 cells (17, 31) , shows similar sex-specific changes in gene expression as Kiss1 following removal of gonadal hormones during the prepubertal period. We found that, similar to Kiss1, the number of NKBexpressing neurons in the ARC was significantly upregulated 4 days after gonadectomy in PND 18 GDX females but not PND 18 GDX males (compared with PND 18 intact animals, P Ͻ 0.05 for female comparison; Fig. 6, A and B) . Similarly, PND 18 GDX females had significantly more (P Ͻ 0.05) NKB mRNA per cell compared with the other three PND 18 groups [121.2 Ϯ 3.5 (GDX female) vs. 101.6 Ϯ 7.0 (intact female), 99.5 Ϯ 5.3 (GDX male), and 93.9 Ϯ 8.2 (intact male) grains/ cell]. Also like Kiss1, the sex difference in NKB regulation was no longer manifest in adulthood, since both males and females showed similar increased NKB gene expression 4 days after gonadectomy as adults (P Ͻ 0.05 for both sexes relative to intact adults; Fig. 6C ). Moreover, as with Kiss1, the number of NKB-expressing neurons in the ARC was significantly higher in adult males that had previously been GDX as juveniles compared with adult males that had been left intact as juveniles (261.5 Ϯ 15.4 vs. 140.7 Ϯ 30.6 NKB cells, P Ͻ 0.01). NKB mRNA per cell in the ARC followed a similar pattern, being higher in adult males that had been GDX as juveniles than those left intact (P Ͻ 0.01; data not shown).
DISCUSSION
Puberty reflects the physiological processes that guide the awakening of the adult neuroendocrine reproductive axis (11, 35, 37) . Despite awareness that gonadal hormone-dependent and hormone-independent mechanisms may guide the tempo of pubertal development (11, 22, 35, 37) , the cellular and molecular processes that mediate this event are poorly understood, as is the enigma that females usually mature earlier than males (12, 13, 19) . Recently, neuronal kisspeptin and NKB signaling have each been implicated in puberty onset, as highlighted by findings that humans lacking either a functional kisspeptin receptor or NKB receptor (or NKB itself) display salient deficits in pubertal onset and fertility (9, 14, 27, 46, 47, 55) . Our present study provides further evidence that Kiss1/NKB neurons, located in the ARC, are linked to the timing of developmental activation of the reproductive axis and that the regulation of these neurons is sexually differentiated. Specifically, gonadectomy during the juvenile period stimulates Kiss1/NKB expression in the ARC and concurrently increases gonadotropin secretion in female but not male mice, suggesting that the neuronal circuits that activate the peripubertal reproductive axis are regulated in a sex-specific manner. On the basis of our findings, we infer that activation (or disinhibition) of Kiss1/NKB neurons in the ARC constitutes a critical element of the puberty-triggering mechanism. Furthermore, we deduce that during juvenile life in females, Kiss1/NKB neuronal activity in the ARC is constrained primarily by gonadal hormones, whereas in juvenile males, ARC Kiss1/NKB signaling is gated by gonadal hormone-independent factors (and, likely concurrently, by gonadal hormones as well). Thus, sex differences in the timing of puberty onset may reflect fundamentally different neuronal mechanisms (or differences in their regulation) that govern the tempo of sexual maturation in males and females.
We have shown previously that the Kiss1 population in the ARC is not sexually dimorphic in adult rodents, regardless of sex steroid milieu (26) . However, our present study identifies a robust sex difference in the regulation of ARC Kiss1 neurons during the prepubertal period. We also report for the first time a prepubertal sex difference in the regulation of NKB expression in the ARC. The factor(s) regulating Kiss1/NKB neurons in the ARC of juvenile animals has not previously been identified. However, our findings suggest that, in juvenile females, at PND 16 -18, ovarian hormones (presumably E 2 ) are key regulators of ARC Kiss1/NKB neurons, because gonadectomy induces striking increases in Kiss1 and NKB expression. Thus, we infer that E 2 -mediated inhibition of Kiss1/NKB neurons in the ARC represents a primary mechanism for maintaining the quiescent state of the reproductive axis in intact prepubertal females. Indeed, estrogen receptors are coexpressed in virtually all Kiss1 and NKB neurons in the ARC of adult mice (10, 50) , lending support to this argument. In contrast to females, juvenile GDX male mice do not display increases in Kiss1, NKB, or LH levels at PND 16 -18. Thus, although gonadal hormones likely inhibit the reproductive axis in juvenile males (as in juvenile females), other regulatory inputs, apart from gonadal hormones, must either impose active restraint on or fail to activate Kiss1/NKB expression and LH secretion during prepubertal life.
NKB has recently been implicated in the control of puberty and reproduction. Humans lacking NKB or its receptor have delayed puberty onset and impaired fertility (55) , suggesting a role for NKB signaling in the initiation of puberty. Although intracerebroventricular infusions of NKB agonist diminish LH secretion in adult female ovariectomized E-primed rats (44), site-specific NKB agonist infusions in discrete hypothalamic regions (rather than the ventricles) stimulate LH secretion in sheep (32) , suggesting that NKB's effects are site specific. Indeed, NKB most likely acts at several places in the brain, including GnRH neurons in the medial preoptic area and Kiss1/NKB neurons in the ARC, both of which express NK3 (28, 31, 54) . Our results here implicate NKB in the ARC as a critical component of the circuits underlying activation of the neuroendocrine reproductive axis.
Our results signify that the brains of juvenile male and female mice, including Kiss1/NKB neurons in the ARC, are sexually differentiated such that prepubertal females aged PND 14 can initiate activation of the reproductive axis after gonadectomy, whereas similarly aged males cannot. These findings suggest that sex differences in how and when Kiss1/NKB neurons in the ARC are regulated may be instrumental to explaining sex differences in puberty onset. Although sex differences in sexual maturation are well documented, the basis for the differential timing of puberty between males and females is unclear and may reflect either fundamentally different mechanisms operating in each sex or, alternatively, a common regulatory process that is initiated at different times in the two sexes (i.e., earlier in females than in males). Both of these possibilities could include either the presence of additional (or longer-lasting) restraining factors in PND 16 -18 male vs. female brains or the absence of additional (or later induction of) activating circuits in PND 16 -18 males that are already present in females at the same prepubertal age. In either case, these additional restraining/activating factors appear to be gonadal hormone independent in nature, as is their developmental onset/offset, as evidenced by that fact that LH and Kiss1/NKB in GDX males were not elevated at PND 18 but did eventually increase by PND 45 in the absence of any changes in gonadal hormone levels. The identity of the gonadal hormone-independent factor(s) that regulates prepubertal Kiss1/NKB neurons is currently unknown. Previous studies in primates and rodents have implicated several factors that may regulate pubertal circuits, including neuropeptide Y, leptin, GABA, enhanced at puberty 1, and glial factors (3, 4, 34, 35, 37) . Any one or more of these nongonadal factors may provide critical input into prepubertal Kiss1/NKB neurons and perhaps even explain the sex differences in Kiss1/NKB expression in the ARC after prepubertal gonadectomy, and revealing their identity will be an important objective for future studies.
We and others have shown previously that the Kiss1 system in the AVPV/PeN of adult rodents is sexually differentiated, with adult females having many more Kiss1 neurons in the AVPV/PeN than males (6, 26) . This sex difference in AVPV/ PeN Kiss1 neurons may explain the ability of adult females, but not males, to display an E 2 -induced LH surge (23, 27) . Here, we report that Kiss1 expression in the AVPV/PeN of mice is sexually dimorphic as early as PND 18. This is the first demonstration of the sex difference in AVPV/PeN Kiss1 expression in prepubertal animals of any species. [In fact, females have significantly more Kiss1 neurons in the AVPV/PeN than males as early as PND 16 (P Ͻ 0.01; Kauffman AS and Steiner RA, unpublished observations)]. Our study also presents the earliest reported age (PND 16) of Kiss1 gene expression in the AVPV/PeN, with a previous study in the mouse documenting detectable kisspeptin protein by immunohistochemistry in the female AVPV/PeN on PND 25 but not on PND 10 (6). It is noteworthy that a direct comparison between intact and GDX PND 18 males revealed a small but significant elevation in Kiss1 cell number in the AVPV/PeN of intact males. Similarly, we have found that, on PND 16, intact males have five times as many Kiss1 cells in the AVPV/PeN than GDX males at this age (P Ͻ 0.01; Kauffman AS and Steiner RA, unpublished observations), indicating that Kiss1 neurons in the AVPV/PeN of juvenile males can respond to changes in gonadal hormone status, unlike Kiss1 neurons in the ARC.
Recently, Clarkson et al. (5) suggested a role for the AVPV/ PeN Kiss1 system in the initiation of puberty onset on the basis of the finding that ovariectomized prepubertal mice fail to display vaginal opening or elevated kisspeptin protein in the AVPV/PeN later in early adulthood. However, Kiss1 mRNA and kisspeptin protein levels in the AVPV/PeN are highly E 2 dependent (upregulated by E 2 ) in the adult female rodent (1, 50, 52) , and thus, an important caveat when interpreting the finding of Clarkson et al. (5) is that their GDX juveniles were never replaced with E 2 in adulthood. Therefore, it is possible that the low kisspeptin levels observed in the AVPV/PeN of their adult GDX animals reflect absent circulating E 2 in adulthood. Moreover, in our study, Kiss1 mRNA levels in the AVPV/PeN clearly decrease in prepubertal females following GDX despite the concurrent increase in LH secretion in these same females. We interpret this to signify that Kiss1 activity in the AVPV/PeN is unlikely to be driving the elevated GnRH/LH secretion in these prepubertal animals (since the AVPV/PeN is producing significantly less kisspeptin after gonadectomy). Notwithstanding, it is certainly possible that the AVPV/PeN Kiss1 system contributes to the enhanced drive to GnRH neurons at some point during puberty; however, this would definitely not exclude an important (even central) role for other neural circuits as well, including Kiss1/NKB neurons in the ARC. Indeed, it is somewhat paradoxical that in the GDX mice lacking vaginal opening in the study conducted by Clarkson et al. (5) , kisspeptin levels were also noticeably reduced in the ARC, but the possibility that the diminished ARC kisspeptin levels contributed to these animals' impaired puberty onset was not addressed.
Interestingly, although not yet assessed, there may not be a sex difference in the regulation of ARC Kiss1/NKB neurons in prepubertal rats, since GDX prepubertal rats of both sexes appear to show comparable rapid elevations in LH secretion both 2 and 4 days postsurgery, at least at the ages studied (20, 33, 39) . However, adult female rats take much longer to exhibit elevated LH levels following gonadectomy than they do as juveniles (15, 16, 53) , indicating that some developmental alteration in central feedback mechanisms occurs in female rats as they age through puberty. Although these earlier observations in prepubertal rats suggest that puberty in rodents is primarily gonadal hormone dependent, our findings argue that gonadal hormone-independent factors are also critical at least in mice and perhaps other rodents as well. Similarly, puberty in primates, including humans, also appears to involve both gonadal hormone-dependent and -independent processes, as evidenced by findings that GDX juvenile monkeys do not display elevated LH before the normal age of puberty (36, 37) , nor do humans that lack gonadal hormone secretion before puberty (7, 19) . To the extent that such divergent species can be compared (and with caution), puberty in mice may therefore share common features with other species, including humans and nonhuman primates. Therefore, our findings may have implications for the pathophysiology of puberty in humans, in which puberty is not only earlier in girls than in boys, but girls also display a much higher incidence of precocious puberty (10-fold) than boys (37) . On the other hand, boys are more likely to have delayed puberty than girls (37) . These sex differences in normal puberty onset and disorders in pubertal timing are widely recognized but poorly understood and may involve sex differences in the timing or regulation of Kiss1/ NKB signaling in the brain.
In conclusion, we report a novel sex difference in the regulation of LH secretion and Kiss1 and NKB expression in the ARC of juvenile mice such that the developing brains of juvenile males exhibit greater (or longer-lasting) gonadal hormone-independent restraint (or less gonadal hormone-indepen-dent activation) on reproductive neuronal circuits, including ARC Kiss1/NKB neurons. This sex difference in Kiss1/NKB regulation may contribute to the differential timing of puberty onset between the sexes. Thus, although gonadal hormones most likely play a critical role in regulating puberty onset in both sexes, our findings indicate that gonadal hormone-independent processes also contribute to timing puberty in mice (as they do in primates). Additional experiments are needed to identify the central factors inhibiting/activating Kiss1/NKB neurons in the ARC and to determine the specific role of these two reproductive neuropeptides.
